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Overa l l  Objectives 
Oneof t h e  keys t o  successful  remote sensing o f  vege ta t i on  i s  t o  
be ab le  t o  es t imate  impor tan t  agronomic parameters 1il::e l e a f  area 
index ( L A 1 1  and biomass (EM) from t h e  b i d i r e c t i o n a l  canopy r e f l e c t a n c e  
(CR) data  obta ined by a space-shutt le o r  s a t e l l i t e  borne sensor. One 
approach f o r  such an es t imat ion  i s  through i n v e r s i o n  o f  CR models 
which r e l a t e  these parameters t o  CR. The f e a s i b i l i t y  o f  t h i s  approach 
has been shown by t h e  p r i n c i p a l  i n v e s t i g a t o r  and h i s  assoc ia tes  (Goel 
and Thompson, 1985). 
The o v e r a l l  o b j e c t i v e  o f  the  research c a r r i e d  ou t  d u r i n g  t h e  
tenure of t h i s  c o n t r a c t  was t o  address h e r e t o f o r e  un inves t i ga ted  but 
impor tant  fundamental issues, develop t h e  i n v e r s i o n  technique f u r t h e r  
and d e l i n e a t e  i t s  s t reng ths  and l i m i t a t i o n s .  
Technical Approach 
The f o l l o w i n g  i s  a summary o f  t e c h n i c a l  approach, adapted f rom 
t h e  research proposal  which led t o  t h i s  cont rac t .  
The techn ica l  approach w i l l  c o n s i s t  o f  i n v e r t i n g  f i r s t  one- 
dimensional CR models, us ing f i e l d  measured data f o r  a v a r i e t y  o f  
vegeta t ions  ( n a t u r a l  and p lanted)  , t o  determine i f  t h e  f i e l d  measured 
b iophys i ca l  parameters can be est imated us ing t h e  CR data  alone. It 
i s  expected t h a t  some o f  t h e  e x i s t i n g  models w i l l  be d e f i c i e n t  i n  
represent ing  t h e  r e l a t i o n s h i p  between canopy parameters and t h e  CR. 
I f  so, these models w i l l  ,Id be mod i f i ed  t o  i n c l u d e  e f f e c t s  l i k e  
specular re f l ec tance ,  angular dependence o f  l e a f  r e f l e c t a n c e  and 
t ransmi t tance,  and shadowing e f f e c t s .  Dur ing t h e  ana lys i s ,  an 
assessment w i l l  be made o f  t h e  f o l l o w i n g  aspects: advantages and 
disadvantages o f  us ing  CR data i n  many wavelengths o r  s p e c t r a l  bands; 
use o f  l i n e a r  and non- l inear  t ransforms o f  CRs f o r  va r ious  so la r / v iew  
angles and va r ious  s p e c t r a l  bands, op t ima l  so la r / v iew  angles f o r  L A 1  
and l e a f  angle d i s t r i b u t i o n  (LfAD) es t imat ion .  
i n v e s t i g a t i o n s  because o f  t h e i r  s i m p l i c i t y  and comprehens ib i l i t y .  
However, they a re  n o t  expected t o  represent  we l l  t h e  r e f l e c t a n c e  o f  
many vegeta t ion  canopies such a s  crops p lan ted  i n  rows and f o r e s t  
stands. To; include such vegetat ions,  we w i l l  i n v e s t i g a t e  t h e  
i n v e r s i o n  o f  two- and three-  dimensional models, and modi fy  them i f  
necessary. 
The above mentioned i n v e s t i g a t i o n s  neglect  t h e  e f f e c t s  o f  
atmospheric s c a t t e r i n g .  Th is  e f f e c t  i s  obv ious ly  r e l e v a n t  t o  remote 
sensing. Fo l low ing  these i n v e s t i g a t i o n s ,  we p l a n  t o  i n c l u d e  t h e  
One dimensional CR models a re  a t t r a c t i v e  f o r  i n i t i a l  
atmospheric s c a t t e r i n g  e f f e c t s  and study t h e  i n v e r s i o n  o f  CR models 
when such e f f e c t s  a re  present.  
v a r i a t i o n  o f  canopy r e f l e c t a n c e  which may improve on t h e  c a p a b i l i t i e s  
o f  temporal p r o f i l e  modeling approach i n  vegeta t ion  c h a r a c t e r i s t i c s  
i d e n t i f i c a t i o n  and p r o d u c t i v i t y  assessment. These a c t i v i t i e s  w i l l  use 
time-independent CR models t o  cons t ruc t  t ime  dependent behavior  o f  
s p e c t r a l  and angle t ransforms o f  CRs. 
a l l  t h e  impor tant  dimensions (wavelength, angle and t ime)  o f  remote 
sensing i n  t h e  v i s i b l e  and near i n f r a r e d  regions. 
F i n a l l y ,  we p lan  t o  c a r r y  ou t  some a c t i v i t i e s  on t h e  temporal 
I n  summary, these a c t i v i t i e s  and approaches are  designed t o  cover 
Research C I c t i v i t i e s  and Resul ts  
I n  t h i s  n i n e  month p e r i o d  o f  research we c a r r i e d  ou t  main ly  t h e  
f o l l o w i n g  two a c t i v i t i e s .  
(1) Development and Inve rs ion  o f  a CR Model f o r  Vegetat ion w i t h  
Three-dimensional Inhomogeneities. 
(2) Ana lys is  o f  Simple Models f o r  Atmospheric Sca t te r i ng .  
Since the  development o f  models f o r  canopies w i t h  three-  
dimensional inhomogeneit ies which could a l s o  be i n v e r t e d  was expected 
t o  be a b i g  chal lenge, t h e  emphasis o f  our work was on t h e  f i r s t  
a c t i v i t y .  The d e t a i l s  o f  t h e  f i r s t  a c t i v i t y  and r e s u l t s  obtained have 
been g iven i n  a 72 pages long  r e p o r t  (Goel and Gr ie r ,  1987) i n  t h e  
form o f  a research paper which has been submit ted f o r  p u b l i c a t i o n .  
Here, we w i l l  o n l y  h i g h l i g h t  the main aspects o f  t h i s  a c t i v i t y  and 
present  key r e s u l t s .  The second a c t i v i t y  has n o t  y e t  l e d  t o  
pub l i shab le  r e s u l t s ;  we w i l l  on ly  g i v e  a progress r e p o r t  and present  
i n t e r i m  r e s u l t s .  
(1)  Development and Inve rs ion  o f  a CR Model f o r  Vegetat ion w i t h  . 
We s t a r t e d  our a c t i v i t i e s  b$ l o o k i n g  i n t o  e x i s t i n g  Cfi models f o r  
Three-dimensional (3 -D)  Inhomogeneit ies 
3-D canopies which e x p l i c i t l y  take i n t o  account t h e  i n t e r a c t i o n s  o f  
r a d i a t i o n  w i t h  t h e  vegeta t ion  elements. There are  two main models 
which have been proposed. 
(1982, Kimes, Newcomb, Nelson and Schutt,  1986) i s  a rec tangu lar  s o l i d  
o f  any dimension t h a t  i s  subdiv ided i n t o  cub ica l  c e l l s  o f  un i t  
dimensions, Each c e l l  i s  i d e n t i f i e d  by i t s  x ,  y s  and z coord ina tes  
and i s  associated w i t h  i n fo rma t ion  about t h e  scene component w i t h i n  
t h e  c e l l  ( t ype  of component - leaves, stems, s o i l ?  e tc . ;  component 
area ind ices- lea f  area index, branch index, etc. ;  t h e  angular and 
s p a t i a l  d i s t r i b u t i o n s  o f  components; and o p t i c a l  p r o p e r t i e s  o f  
components). A complex computer program i s  w r i t t e n  which f o l l o w s  t h e  
s o l a r  r a d i a t i o n  as i t  moves f r o m  c e l l  t o  c e l l .  I n  any c e l l ,  p a r t  o f  
t h e  s o l a r  f l u x  i s  e i t h e r  absorbed, t ransmi t ted ,  o r  s c a t t e r e d  ( i n t o  a 
f i n i t e  number of d i r e c t i o n s ) .  M u l t i p l e  d i r e c t i o n a l  s c a t t e r i n g  between 
t h e  c e l l s  i s  s imulated i n t e r a c t i v e l y  u n t i l  a l l  t h e  flu:.: i s  absorbed, 
escaped from t h e  canopy, o r  reaches a smal l  p r e s p e c i f i e d  threshold.  
The conceptual framework o f  t h e  model due t o  Kimes and K i rchner  
Norman and Wells (1983) designed t h e i r  B i d i r e c t i o n a l  General 
ORIGlNAL p..’ !:j 
OF POOR QUALITY 
Array ( E I G A R )  model w i t h  vegetat ion canopies i n  mind. They 
approximate t h e  canopy by an array o f  subcanopies i n  t h e  shape o f  
e l l i p s o i d s  t h a t  may be e q u a l l y  spaced, randomly spaced, o r  spaced i n  
any manner des i red.  A l l  o f  the f o l i a g e  i s  conta ined i n  these 
e l l i p s o i d s  and can be pos i t ioned randomly o r  i n  a non-random fash ion  
(e.g., d i f f e r e n t  f o l i a g e  densi ty  i n  t h e  i n t e r i o r  o f  t h e  f i g u r e  than on 
i t 5  pe r iphe ry ) .  Th i s  d e n s i t y  d i s t r i b u t i o n  w i t h i n  each subcanopy i s  
chosen t o  represent  t h e  f o l i a g e  d i s t r i b u t i o n  o f  a r e a l  canopy. Each 
e l l i p s o i d  i s  cha rac te r i zed  by  i t s  dimensional parameters, l o c a t i o n  o f  
i t s  cen t ro id ,  and d i s t r i b u t i o n  o f  f o l i a g e  i n s i d e  it. E l l i p s o i d s  a r e  
al lowed t o  over lap  so t h a t  t h e  model can be used t o  s imu la te  l - D  and 
2-D vegeta t ion  canopies. To c a l c u l a t e  t h e  r a d i a t i o n  t r a n s f e r  w i t h i n  
t h e  canopy, each e l l i p s o i d a l  subcanopy i s  d i v i d e d  i n t o  a g r i d  o f  
cub ica l  c e l l s .  
t h e  E I G A R  model, e s p e c i a l l y  i t s  i n v e r t i b l i t y .  D r .  John Norman o f  the 
U n i v e r s i t y  o f  Nebraska k i n d l y  provided US t h e  computer sof tware i n  
which t h e  model was implemented. We developed the  so f tware  f o r  
i n v e r t i n g  t h e  model. We tes ted  t h i s  model t o  es t imate  the  canopy 
parameters f o r  soybean and corn canopies, u s i n g  t h e  da ta  s e t s  
c o l l e c t e d  and prov ided t o  us by i n v e s t i g a t o r s  a t  Purdue Un ive rs i t y .  
The model seems t o  a l l o w  q u i t e  an accurate e s t i m a t i o n  o f  impor tant  
r e f l e c t a n c e  data. 
canopies, again c o l l e c t e d  and provided t o  us by  i n v e s t i g a t o r s  a t  
F‘urdue (Ranson, Daughtry, and Eiehl  , 1986). W e  modi f ied  t h e  B IGAR 
model so f tware  t o  s imu la te  t h e  s p a t i a l  l o c a t i o n s  o f  subcanopies used 
du r ing  t h e  da ta  c o l l e c t i o n .  I n s p i t e  o f  cons iderab le  e f f o r t ,  we f a i l e d  
t o  f i t  t h e  model t o  t h e  data. We cou ld  n o t  determine whether 
d e f i c i e n c i e s / e r r o r s  a r e  i n  t h e  da ta  o r  i n  t h e  model. 
i t s  i n v e r s i o n  has two shortcomings: ( 1 )  Escessive cg_mputer time. O n  a 
mainframe computer (IEM 4381 , model 1) , i t  took severa l  hours o f  CPU 
t ime  f o r  a t y p i c a l  invers ion .  Also, t h e  computer t i m e  increases q u i t e  
r a p i d l y  ( a t  l e a s t  l i n e a r l y )  w i t h - t h e  number o f  c e l l s  o r  g r i d  p o i n t s  
used t o  d i v i d e  each o f  t h e  e l l i p s o i d a l  subcanopies. (2)  Discreteness 
an_d l o c a l  trap@hnq, I n  t h e  i t e r a t i v e  i n v e r s i o n  process, t h e  canopy 
a r c h i t e c t u r a l  parameters a re  changed i n  a cont inuous fashion. 
However, i n  B IGAR,  because o f  the d i s c r e t e  g r i d  s t ruc tu re ,  t h e  canopy 
r e f l e c t a n c e  may n o t  change f o r  smal l  changes i n  t h e  canopy 
a r c h i t e c t u r a l  parameters. Since t h e  i n v e r s i o n  procedure i s  based on 
t h e  g rad ien t  of r e f l e c t a n c e  as a f u n c t i o n  o f  canopy parameters, one 
may erroneously  conclude t h a t  one has obta ined the  opt imal  va lue o f  
t h e  canopy parameters. I n  other words, t h e  i n v e r s i o n  procedure may 
get  l o c a l l y  trapped. 
We, there fore ,  decided t o  develop a CR model f o r  3-D 
inhomogeneous canopies which can be i nve r ted ,  us ing  a reasonable 
amount o f  computer t ime, wi thout g e t t i n g  l o c a l l y  trapped. 
Lhree-dimensional Ead ia t i on  Ln te rac t i on  Model. It i s  an estens ion o f  
our model f o r  row-canopies (Goel and G r i e r ,  1986a,b). The d e t a i l s  o f  
t h e  model a re  g iven i n  Goel and Gr ie r (1987) .  
ground p lane i n  a g r i d  s t ruc tu re ,  w i t h  each c e l l  con ta in ing  one o r  
A f t e r  assessing t h e  two models, we decided t o  i n v e s t i g a t e  f u r t h e r  
~2rsKEtw-5 l i k e  ! A I  ar?d percentage E+ gr=unc!  ES\’EY +r=m F--nn” L L Z ,  &up 7 
We then t e s t e d  t h e  model wi th  t h e  dq ta  on s imulated balsam f i r  
The use o f  E I G A R  model t o  es t imate  t h e  canopy parameters through 
W e  have succeeded i n  developing such a model, dubbed as TRIM, f o r  
Fol lowing,  Norman and Welles (19831, i n  t h i s  model, w e  d i v i d e  t h e  
4 
more e l l i p t i c a l  subcanopies. A l l  t h e  f o l i a g e  i s  conta ined i n  these 
subcanopies. By va ry ing  t h e  two parameters J and D which represent  t h e  
two axes of t h e  e l l i p s e  ( i n  t H e  h o r i z o n t a l  p lane ) ,  w e  cou ld  represent  
va r ious  staged of growth of  the canopy (F ig.  l), i n c l u d i n g  a row- 
p lan ted  vegeta t ion  canopy (Fig.  2). 
For a one l a y e r  canopy, d iv ided i n t o  a rec tangu la r  g r i d ,  t h e  
model uses twe lve  canopy parameters; 7 parameters ( l e a f  hemispher ica l  
r e f l e c t a n c e  p , l e a f  hemispherical t ransmi t tance  T, L A I ,  l e a f  angle 
d i s t r i b u t i o n  parameters 1-1 and v d e f i n i n g  a be ta  d i s t r i b u t i o n  (Goel and 
St rebe l  1984) . s o i l  hemispherical r e f  lectwnce P and f r a c t i o n  o f  
d i f f u s e d  s k y l i g h t ,  SKYL) f o r  the homogeneous (one-dimensional 1 canopy 
model, two parameters F' and (JI d e f i n i n g  t h e  g r i d  c e l l  s ize ,  two 
parameters J and D d e f i n i n g  the two axes o f  t h e  e l l i p s o i d a l  subcanopy 
and ROAZ, azimuth d i r e c t i o n  o f  one o f  t h e  axes (corresponding t o  P) o f  
t h e  g r i d .  
I n  F ig.  3 a re  g iven t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  sur faces  
generated by T R I M  f o r  an e a r l y  s tage o f  growth (corresponding t o  F ig .  
l ( a ) ,  L A 1  = 1.0), a t  an in te rmed ia te  s tage o f  growth w i t h  
(corresponding t o  F ig .  2, L A 1  = 3 . 0 ) .  and f o r  a f u l l y  covered canopy 
(corresponding t o  F ig .  l ( d ) ,  LA1 = 5 * ( 3 ) .  
i n v e r t i b l i t y .  That i s ,  whether one can o b t a i n  a l l  t h e  canopy 
parameters f rom t h e  b i d i r e c t i o n a l  canopy r e f l e c t a n c e  da ta  alone. For 
L I I L S  pi-ir-pase, w e  chose a set 0.F canopy parameters and used t h e  model 
t o  c a l c u l a t e  t h e  canopy re f l ec tances  f o r  25 v iewing d i r e c t i o n s .  The 
model was i n v e r t e d  us ing  these r e f l e c t a n c e s  t o  es t imate  t h e  canopy 
parameters. These est imated values were found t o  be same as those 
used i n  generat ing t h e  CR data, suggest ing (though n o t  mathemat ica l ly  
p rov ing )  t h e  i n v e r t i b l i t y  o f  the model. 
e r r o r s  i n  t h e  es t ima t ion  o f  canopy parameters i f  t h e  canopy 
r e f l e c t a n c e s  a re  randomly changed by a few percent.  The o v e r a l l  
conc lus ion o f  t h i s  a n a l y s i s  i s  t h a t  t h e  a d d i t i o n  o f  two canopy 
a r c h i t e c t u r a l  parameters (Is! and D) i n  t h e  present  model over t h e  row 
model d i d  n o t  s i g n i f i c a n t l y  change t h e  accuracy w i t h  which one can 
es t imate  t h e  LCSI and t h e  percentage o f  ground cover through i n v e r s i o n  
o f  TRIM. 
We i n v e r t e d  t h e  model u s i n g  f i e l d  measured canopy r e f l e c t a n c e  
da ta  on p a r t i a l l y  covered and f u l l y  covered canopies and on a 
n a t u r a l l y  growing sh innery oak canopy ( t h e  da ta  was k i n d l y  p rov ided t o  
us by D r .  Donald Deer ing o f  NASCS-GSFC) . 
two c r i t e r i a :  (1) How we l l  do the est imates o f  t he  canopy parameters 
compare w i t h  t h e  corresponding measured values? (2) How w e l l  do t h e  
c a l c u l a t e d  C R s  (us ing  T R I M  w i t h  t h e  est imated values o f  canopy 
parameters) compare w i t h  measured values? On both scores, t h e  model 
and t h e  i n v e r s i o n  technique passed very we l l .  I n  F igs.  3, 4, and 5 
a r e  g iven t h e  measured and ca l cu la ted  b i d i r e c t i o n a l  r e f l e c t a n c e  
s w f a c e s  f o r  p a r t i a l l y  covered corn, f u l l y  covered corn. and sh innery 
oak canopy, A s  can be seen from these f i g u r e s .  t h e  c a l c u l a t e d  
r e f  lec tances  compare very we1 1 w i t h  t h e  measured ones. 
S F  
We a l s o  t e s t e d  t h e  model t o  determine i t s  mathematical 
L I - 2  
We a l s o  c a r r i e d  ou t  t h e  e r r o r  a n a l y s i s  o f  t he  model, i .e.,  t h e  
We measure t h e  success o f  T R I M  and t h e  i n v e r s i o n  technique us ing  
(2) Simple Models f o r  Atmospheric Scat te r ing-Sta tus  Report  
We i n i t i a t e d  t h e  i n v e s t i g a t i o n  o f  t h e  atmospheric s c a t t e r i n g .  
For t h i s  purpose, we chose t h e  model r e c e n t l y  developed by 
Verhoef (1985). We chase t h i s  model because i t  i s  very  s i m i l a r  t o  t h e  
S A I L  model f o r  canopy ref lecta.nce which we have been us ing  i n  our 
s tud ies .  Fur ther ,  t h i s  model had t h e  p o t e n t i a l  o f  i n c l u s i o n  o f  canopy 
r e f l e c t a n c e  i n  a s imple way. 
t r a n s f e r  model which uses t h e  same four-stream approximat ion t o  t h e  
r a d i a t i v e  t r a n s f e r  equat ion as used i n  t h e  S A I L  model, bo th  f o r  t h e  
canopy and atmospheric sca t te r i ng .  M r .  Verhoef k i n d l y  made a v a i l a b l e  
t o  us a computer implementation o f  t h e  model. 
l aye rs .  The upper l a y e r  (s t ra tosphere)  i s  assumed t o  c o n t a i n  o n l y  
ozone. The wavelength dependent o p t i c a l  th ickness o f  ozone i 5  taken 
from publ ished t a b l e s  ( f o r  an a r b i t r a r y  wavelength n o t  i n  t h e  tab le ,  
p iecewise l i n e a r  i n t e r p o l a t i o n  scheme i s  used). The second l a y e r  
( t roposphere) i s  ass;umed t o  cons is t  o f  Rayleigh sca t te re rs ,  aeroso ls  
and water vapor. The o p t i c a l  thic1::ness f o r  water vapor absorp t ion  i s  
assumed t o  be p r o p o r t i o n a l  t a  the  aerosol  o p t i c a l  th ickness.  For a 
g iven aerosol  haze, t h e  phase f u n c t i o n  f o r  aerosol s c a t t e r i n g  i s  taken 
from publ ished t a b l e s  ( f o r  an a r b i t r a r y  wavelength n o t  i n  t h e  tab le ,  
p iecewise l i n e a r  i n t e r p o l a t i o n  scheme i s  used and f o r  a s c a t t e r i n g  
angle n o t  i n  t h e  t a b l e  cubic  s p l i n e  i n t e r p o l a t i o n  scheme i s  used). 
O p t i c a l  depths f o r  molecular and aerosol  s c a t t e r i n g  a re  taken from 
standard t a b i e s  +or  tne U.S. Standard Atmosphere +o r  severa i  
wave1 engths, a1 t i  tudes and v i  si b i  1 i t i e s .  
O u r  i n i t i a l  approach was t o  modi fy  t h e  model t o  min imize o r  
e l i m i n a t e  a l toge the r  t h e  use of tab les .  For t h i s  purposes we rep lace  
t h e  tables-read aerosol  s c a t t e r i n g  phase f u n c t i o n  by t h e  f o l l o w i n g  
two-parameter phase func t i on .  
Th is  model i s  a coupled atmospheric-vegetation canopy r a d i a t i v e  
I n  i t s  present form, t h e  model approximates t h e  atmosphere by two 
P ( 8 )  
Here g i s  t h e  asymmetry parameter, 8 i s  t h e  s c a t t e r i n g  angle, and a i s  
another parameter. Using Verhoef’s model and t h e  t a b l e s  o f  aerosol  
phase f u n c t i o n s  f o r  medium haze cond i t i ons ,  we c a l c u l a t e d  t h e  
b i d i r e c t i o n a l  rad iance through t h e  atmosphere, f o r  a 5e t  of view 
z e n i t h  and azimuth angles and for two s o l a r  zen i th  angles. Using 
these ca l cu la ted  values, t h e  model w i t h  t h e  above noted a n a l y t i c a l  
phase func t i on ,  was then inver ted.  The model f i t t e d  t h e  da ta  q u i t e  
w e l l  i f  the  v iewing angles a re  such t h a t  s o l a r  aureole i s  excluded 
( r e l a t i v e  azimuth between sun and view d i r e c t i o n s  more than 3O0J and 
t h e  s c a t t e r i n g  angles do no t  i nc lude  forward s c a t t e r i n g  ( 0:::. 30 ) .  
phase func t i on .  We added a term f o r  t h e  forward s c a t t e r i n g  which i s  
h i g h l y  peaked a t  t h e  s c a t t e r i n g  ang le  o f  zero and then drops r a p i d l y .  
We a l s o  made t h e  backscat te r ing  c o e f f i c i e n t  aso”  parameter. It gave 
an e x c e l l e n t  f i t  f o r  s c a t t e r i n g  angles up to  10 . 
W e  a lso  compared t h e  model aga ins t  t h e  widely  used LOWTRAN model 
f o r  atmospheric s c a t t e r i n g .  Dr .  Donald St rebel  o f  SAK a t  NASA-GSFC 
k i n d l y  prov ided us w i t h  atmospheric rad iances as c a l c u l a t e d  from t h i s  
model f o r  t h r e e  atmospheric c o n d i t i o n s  ( r u r a l ,  v i s i b i l i t y  V = 23 km; 
r u r a l ,  v i s i b i l i t y  V = 5 k m ;  urban, v i s i b i l i t y  V = 5 km)  and t h r e e  
wavelengths (0.5, 0.7 and 1.0 Fim) a These radiances were used as i n p u t  
i n t o  our atmospheric model t o  determine how c lose  our model represents  
t h e  LQWTRGN model. The f o l l o w i n g  t a b l e  s;ummarizes t h e  degree oi: f i t ,  
I n  order t o  f i t  t h e  model b e t t e r ,  we modi f ied t h e  a n a l y t i c a l  
b 
i n  terms o f  percentage d i f f e r e n c e  between t h e  atmospheric rad iances as 
c a l c u l a t e d  by our model and by t h e  LOWTRAN model. 
Atmosph. Condi t ion Wa.velength ( i n  p m )  
Rural ,  V = 23 km 
Rural  V = S km 
Urban, V = 5 l::m 
17.2% 6.4% 5 . 0 %  
39.1% 29.3% 25.4% 
90.  8% 44.6% 41.0% 
T h i s  t a b l e  shows t h a t  t h e  our model f i t s  t h e  LOWTRAN model b e t t e r  f o r  
c l e a r e r  atmospheric c o n d i t i o n s  than f o r  t h e  d i r t i e r  one, and f o r  a 
g iven atmospheric cond i t i on ,  the f i t  i s  b e t t e r  i n  t h e  near - in f ra red  
r e g i o n  than i n  t h e  v i s i b l e  one. T h i s  t rend  i s  cons is ten t  w i t h  the  
phys ics  o f  s c a t t e r i n g ;  LOWTRAN model i nc ludes  o n l y  s i n g l e  Sca t te r i ng  
which i s  a good approximat ion only  f o r  c l e a r e r  sl::y c o n d i t i o n s  and i n  
t h e  near - in f ra red  reg ion.  
S i g n i f i c a n c e  and Fu tu re  A c t i v i t i e s  
The three-dimensional canopy r e f l e c t a n c e  model, TRIM, which we 
have developed, and i t s  use i n  es t ima t ing  LA1 and growth staqe o f  t h e  
canopy through i t s  i n v e r s i o n  should make any one f e e l  o p t i m i s t i c  about 
t h e  eventual  e s t i m a b i l i t y  o f  these parameters f rom CR data alone, even 
f o r  n a t u r a l l y  growing vegetat ions.  Such an es t imat ion ,  o f  course, i s  ' 
t h e  goal  o f  remote sensing. Accurate es t ima t ions  o f  these parameters 
should he lp  i n  b e t t e r  es t imat ions  o f  water balance and vegetat ion 
dynamics, be ing pursued under the ISLISCP Program, sponsored by NASA. 
The atmospheric model, when completed, should enable one t o  
c o r r e c t  f o r  atmospheric sca t te r i ng ,  when es t ima t ing  vegeta t ion  
c h a r a c t e r s t i c s  f rom t h e  remotely sensed data. 
We p lan  t o  c a r r y  ou t  t h e  f o l l o w i n g  a c t i v i t i e s  du r ing  t h e  coming 
(1) Fur ther  Development of ?RIM 
year. 
We have v a l i d a t e d  t h e  model and i t s  use i n  e s t i m a t i n g  parameters 
through i t s  i n v e r s i o n  w i t h  f i e l d  measured da ta  o n l y  f o r  corn and 
sh innery  oak: canopies. We p lan  t o  v a l i d a t e  i t  f o r  o the r  canopies, 
w i t h  t r u e  3-dimensional inhomogeneities, such as those found i n  
orchards and sparse ly  covered fo res ts ,  assuming t h a t  t h e  CR and canopy 
parameter data f o r  such canopies w i l l  become a v a i l a b l e  t o  us. We 
a n t i c i p a t e  extending t h e  model t o  a l l o w  f o r  random d i s t r i b u t i o n s  o f  
subcanopies (i . e .  , make t h e  model s t o c h a s t i c ) .  Other areas which 
warrant  f u r t h e r  research a re  the i n c o r p o r a t i o n  o f  b i d i r e c t i o n a l  
p r o p e r t i e s  o f  s o i l  r e f l e c t a n c e ,  non-lambert ian behavior  o f  t h e  
vege ta t i on  elements, and t h e  "hot spo t "  phenomenon. I n c l u s i o n  o f  
these e f f e c t s ,  however, w i l l  have i t s  p r i c e  i n  terms o f  inc reas ing  t h e  
number o f  unknowns i n  t h e  model, making t h e  process o f  i n v e r s i o n  
harder and e i t h e r  i nc reas ing  the requirements on t h e  number o f  CR 
observa t ions  o r  r e q u i r i n g  a p r i o r i  knowledge o f  some o f  t he  a n c i l l a r y  
canopy parameters. 
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( 2 )  Fur the r  I n v e s t i g a t i o n  i n t o  Otmospheric S c a t t e r i n g  
We p l a n  t o  cont inue development o f  t h e  s imp le  atmospheric, model , 
by comparing t h e  va lues f o r  radiances g iven by t h i s  model aga ins t  
those c a l c u l a t e d  by us ing  other more completed models, such as Dave’s 
model, G e r s t l ’ s  model , and Diner ’s model. Using these comparisons, we 
w i l l  make t h e  necessary mod i f i ca t i ons  i n  t h e  model. A t  t h i s  t ime, we 
are  unable t o  s p e c i f y  t h e  exact n a t u r e  o f  m o d i f i c a t i o n s  b u t  we 
a n t i c i p a t e  m o d i f i c a t i o n  o f  t h e  phase func t i on .  
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